Direct-Driving Automated Mechanical Transmission (DAMT) gearshift actuator is a kind of electromagnetic linear actuator. In practical application, the actual gearshift force in each steady states is significantly different from the electromagnetic force model. For the optimization of gear shifting actuator with undetermined volume constraint, this paper presents a variable weight coefficient optimization method of electromagnetic linear actuator which equates the output forces under different steady states in the fitness function. These are intended to adjust the relationships among the optimized objects by using the fitness function to improve the overall optimization effect. In order to obtain the fitness value of each combination parameter accurately, finite element analysis (FEA) is adopted in this paper, to improve the efficiency of the algorithm, and a more efficient simulated annealing -particle swarm optimization algorithm (SA-PSO) is used by the proposed optimization method. Finally, experiment is carried out based on prototype of gearshift actuator to verify the optimization results. The results show that the maximum electromagnetic force and terminal electromagnetic force are both increased by more than 20%, and the volatility of gearshift force is reduced 26.4%, which ensures the structure compactness and fast response. The proposed method decreases the volatility by 27.5% compared with the constant weight coefficients and improves the gearshift force in each stage.
I. INTRODUCTION
With the increase of environmental pollution, the electric vehicles have attracted extensive attention owe to their advantages of zero emissions. When developing the transmission system of electric vehicles, high efficiency and low cost are two key points that should be taken into consideration [1] .
Compared with the pneumatic and hydraulic modes, the electric Automated Mechanical Transmission (AMT) has the advantage of compact structure and simple control, which is a more promising form of transmission. The clutchless AMT has received extensive attention as a hybrid and pure electric vehicle transmission system [2] . Gao et al. [3] designed a two-speed AMT for pure electric vehicles. Chen et al. [4] built gearshift model of AMT by The associate editor coordinating the review of this manuscript and approving it for publication was Jianyong Yao . hybrid automata, and pointed out that the gearshift time and impact degree in the AMT-Motor direct connection system were significantly reduced. Zhun et al. [5] proposed a speed control strategy with excellent robustness. Li et al. [6] trained neural network through Broyden Fltecher Goldfarb Shanno algorithm to achieve AMT stationary control. G. kong used displacement control method to optimize the gearshift process [7] . Fan et al. [8] designed a novel two-speed uninterrupted mechanical transmission. The above researches on AMT mainly focus on traditional mechanical transmission and the gearshift actuator driven by rotating motor. The DAMT studied in this paper is a new type of direct driving transmission using electromagnetic linear actuator in gearshift mode, which has the advantages of compact structure and faster response speed.
Electromagnetic linear actuator is a type of electromagnetic driving device. Unlike conventional rotary motors, it converts electrical energy directly into mechanical energy for linear motion without the participation of any intermediate conversion devices. In addition, the electromagnetic linear actuator has the advantages of simple structure, fast response speed and high motion precision. High-performance electromagnetic linear actuators are now in the process of development and have been widely used in aerospace, vehicle and other fields [9] - [11] . Applications in vehicle mainly include intake and exhaust valve, electronic injection device, suspension systems, gearshift hydraulic valve, etc. [12] - [14] . In this paper, DAMT as a new direct-drive transmission form is formed by integrating an electromagnetic linear actuator with AMT.
In recent years, various analytical, semi-analytical and numerical analysis methods have been proposed for the optimization of electromagnetic driving devices [15] - [22] . Takahashi carried out multi-objective optimization of permanent magnet size and magnetic circuit by 3DFEM-PSO [15] and performed linear vibration analysis performed, pointing out that the efficiency and cost of electromagnetic actuator was mainly affected by the design of structure and magnetic circuit. In order to improve the optimization efficiency of electromagnetic driving device, Mazhoud proposed a new optimization algorithm [16] . Tan et al. [17] presented a PSO-GA optimization method for bistable permanent magnet actuator. Li et al. [18] optimized the moving-coil actuator using a generalized topology method. Beniakar found a multi-objective group optimization method using differential evolution algorithm considering various parameters [19] . Park et al. [19] pointed out the magnetic saturation effect had a great influence on the design of magnetic actuator, and proposed an optimal structural topology optimization method for material saturation problems. Yatchev et al. [20] optimized the average output force of moving-iron linear driving device by using sequential linear programming and solving electromagnetic force with 3DFEM. Pham et al. [21] proposed a hybrid global optimization algorithm for optimizing augmented objective function by using PSO algorithm. Bortolozzi and Cheng optimized the structure of electromagnetic driving device [22] .The above researches are mainly concentrated on the optimization of the structure and magnetic circuit of electromagnetic driving device, without improving the fitness function. For the optimization process, the selection of the weight coefficient in the fitness function will affect the optimization result. This paper proposes a variable weight coefficient optimization method based on the target parameters.
In conclusion, this paper innovatively applies electromagnetic linear actuator to gearshift actuator of AMT. The gearshift process of DMAT can be divided into five independent displacement steady stages. Aiming at the problem that electromagnetic force model is significantly different from the actual gearshift force in each steady state, a variable weight coefficient optimization algorithm for the gearshift process is proposed. The relationship between the optimization targets in the optimization process is balanced by the weight coefficient.
II. STRUCTURE AND MODEL A. THE STRUVTURE OF DAMT
As a kind of two-speed direct-driving automated manual transmission, DAMT eliminates power transmission mechanisms such as forks and fork shafts. The gearshift actuator, which is sleeved on the input shaft, directly drives the integrated sleeve to complete the gearshift. Its working principle is that the gearshift actuator generates a gearshift force Fs when the constant current is applied. Since the mover of actuator is connected with the sleeve, the gearshift force directly acts on the integrated sleeve. Gearshift actuators work with the synchronizing ring and target gear to complete the shifting process. The structure of DAMT is shown in Fig.1 . DAMT has the characteristics of high performance and high efficiency magnetic circuit, fast response speed, light mover mass, arbitrary change of motion trajectory and high control accuracy.
As a moving-coil type electromagnetic linear actuator, gearshift actuator is placed on input shaft of transmission. The schematic of gearshift actuator is shown in Fig.2 . It mainly consists of permanent magnets, electromagnetic coil, inner and external yoke and integrated sleeve. The air gap magnetic field and the coil jointly determine the magnitude of the electromagnetic force, and the control of motion is achieved by adjusting the coil current size and direction.
In gearshift actuators, the magnetic circuit flux needs to pass through the inside and outside to form a closed loop so as to enhance the air gap magnetic field. Therefore, internal and external yoke should be made of material with higher magnetic permeability, less coercive force and saturation magnetization. After comparison, steel 08 was finally adopted. The permanent magnet is made of rubidium iron boron SH42 with high-performance, which has high residual magnetic flux density and coercive force. The permanent magnets are arranged in an array of eight tiles. This arrangement is conducive to enhancing the magnetic flux density in the air gap and reducing the saturation of the yoke [23] .
B. MATHEMATICAL MODEL
The gearshift actuator of DAMT is a complex system in which circuit and magnetic circuit couple with each other. As shown in Fig.3 . Based on the circuit model, the real-time circuit is calculated by the given voltage and the output force of the actuator is obtained using the actuator force constant (k i ). The motion state of the mover is obtained from the mechanical model.
The different equations of each coupling relationship are:
where m is the mass of the moving parts in the gearshift process of the DAMT, including the electromagnetic coil, the coil skeleton and the integral combination sleeve; v is gearshift speed; c is damping coefficient; u is voltage; I is the current of the coil; R is coil resistance; L is coil inductance; k i is actuator force constant (the ratio of the maximum electromagnetic force to current); f 0 is external load.
III. PROBLEM FORMULATION A. PROBLEM DESCRIPTION
The gearshift force of DAMT is provided by the gearshift actuator. Unlike the rotating motor as the power producer for AMT, the electromagnetic linear driving device exhibits electromagnetic force fluctuations, greatly affecting the gearshift process. For the gearshift process with high control accuracy requirements, the fluctuation quantity between the maximum electromagnetic force and the lowest value should be reduced under condition that the large average value of the electromagnetic force. Unlike the bistable working state of the general electromagnetic linear actuator, the DAMT experiences five displacement stages during the gearshift process. Therefore, in the optimization process, the error between the actual gearshift force and the electromagnetic force model (actuator force constant k i operates on current I) in each steady-state stroke should be reduced as far as possible. When the force-displacement characteristic curve is proportional, the control method can be used effectively to control the gearshift process. However, under non-ideal conditions, the force-displacement characteristic curve of general electromagnetic linear actuator presents a concave and convex shape, which will lead to insufficient gearshift force, directly affecting the response speed of the gearshift actuator and the overall gearshift performance.
As mentioned above, in the magnetic circuit model of the DAMT, the electromagnetic force F s is equal to the actuator force constant k i (the ratio of the maximum electromagnetic force to current in a certain displacement) and the current I, which differs from the actual gearshift force in the process, affecting the whole gearshift control accuracy, as shown in Fig.4 and Fig.5 .
The five intervals in Fig.4 correspond to the five steadystate stages of displacement during the gearshift process, which is the sleeve approaches synchronizing ring, the sleeve rotates synchronizing ring, the sleeve approaches the target gear; the sleeve rotates the target gear, and the sleeve is fully integrated with the target gear. The corresponding error rate of gearshift force and magnetic circuit model in each stage ranged from 0.36% to 12.9%. As shown in Fig.4 , the maximum error value was 120 N, the minimum error value was -4 N and the fluctuation rate was 21.2% in gearshift process. 
B. FITNESS FUNCTION
Considering the fluctuation rate of the gear shifting force and the electromagnetic force density at different stages, the designed constraints and the optimization method were used to search for the optimal parameters in the multi-dimensional parameter space. The electromagnetic force of the gearshift actuator was larger on average, meanwhile reducing the steady state volatility and increasing the output force density. Constraint conditions were set for the overall structural parameters, as shown in Fig.6 . L 1 , L 2 , L 3 , L 4 , L 5 , L 6 , and L 7 represent permanent magnet ring length, magnetic ring length, external yoke length, cover length, inner yoke length, coil length, and spacing of coils, respectively. H 1 , H 3 , H 4 , and H 5 represent permanent magnet ring thickness, external yoke thickness, and the thickness of the coil and the inner yoke, respectively. δ is the air gap width. Since the gearshift actuator adopts the moving-coil type, the air gap is left on both sides of the skeleton. As the synchronizer ring adopted is fixed in size, the sizes of the integrated sleeve and the spline hub are determined, and seven parameters are selected to be optimized for the gearshift actuator. The preliminary design parameters are listed in Table 1 . Moreover, the structural parameters meet the formulas as follow:
Since the type of the synchronizer ring is determined, the size of the inner yoke and the related parameters are determined, so the optimized parameters are L 1 , L 2 , L 4 , L 7 , H 1 , H 2 .The fitness function can be written as:
where p and q represent the axial weight coefficient and the radial weight coefficient, respectively, Fm is the mean maximum output force at the initial displacement of each stage, Fe is the mean terminal force at the end displacement of each stage. The selection of the weight coefficient will be explained in detail later. FM and FE represent global maximum output force and global terminal output force of gearshift actuator, respectively. The variation of the weight coefficients and the handling gearshift force in each stage will reduce the fluctuation rate of the gearshift force at each stage of DAMT and increase the output force and output force density of the gearshift actuator.
The magnetization direction and size of the permanent magnet determine the magnetomotive force of the whole circuit. The space size of the coil determines the effective number of currents in the air gap magnetic field, but an excessively large permanent magnet size increases the loop reluctance. The length of coil will generate the opposite electromagnetic force during the movement of coil, which further increases the degree of damping of the shifting force. The inner yoke, external yoke and the cover function to transmit the magnetic flux, if the size is too small, magnetic saturation will occur and the overall output force density will be reduced.
In order to obtain more accurate optimization results, the static forces of each parameter were obtained by 3D-FEA. In the case of considering the static field and ignoring the displacement current, the Maxwell equation based on the magnetic field strength is given, where the magnetic field strength is denoted as H, the current density is denoted as J, the magnetic flux density is denoted as B, and the material permeability is denoted as µ. In general, the magnetic flux density can be expressed by the magnetic vector A: (The differential form of Maxwell's equation under the Coulomb specification).
In addition, since the coil and other components are meshed separately, a longer calculation time is required for 3DFEA analysis. The gap between the armature and the stator is small, so a denser grid is required when calculating. Fig.7 shows the mesh division of the gearshift actuator; the nonlinear characteristics of the magnetic material are also considered in the numerical calculation process. Fig.8 shows the magnetic flux density of the gearshift actuator in neutral position
IV. VARIABLE WEIGHT COEFFICIENT OPTIMIZATION PROCESS A. WEIGHT COEFFICIENT
In order to solve the problem of excessive gearshift force fluctuation and increase the output force density in the optimization process, this paper proposes an variable weight coefficient optimization method, in which F m and F e represent the maximum output force and terminal output force of gearshift actuator in the gearshift process, respectively. p and q represent the axial weight coefficient and the radial weight coefficient, respectively.
The value ranges of p and q are determined according to the range of the target parameters. Since the magnetization directions of the two permanent magnet rings of the gearshift actuator are opposite, the winding directions of the two sets of coils are opposite in the winding process, which makes opposite current coil in the opposite magnetic flux. The gearshift force in the same direction is obtained in the gap magnetic field, and the magnetic flux mostly passes through the coil winding vertically.
When the axial length of the gearshift actuator is too large and the radial dimension is too small, the length of the magnetic or permanent magnet ring is small, so that the opposite current coil will be in the same magnetic flux direction, generating the opposite shifting force and increasing the degree of gearshift force fluctuation. When the axial dimension is too small and the radial dimension is too large, there will be a case where the thickness of the permanent magnet and external yoke are small. In such case, the magnetomotive force of the magnetic circuit is small and severe magnetic saturation occurs, which directly affects the output force of the gearshift actuator. To this end, reducing the radial weight coefficient interval and increasing of the axial weight coefficient properly allow the fitness of individual to develop in the desired direction. Therefore, the method of changing the weight coefficient can make the optimization process develop in a suitable direction. The selection of weight coefficients in the optimization process is shown in Fig.9 .
B. OPTIMIZATION PROCESS
Compared with the constant coefficient optimization method in the monostable optimization process of the electromagnetic driving devices, the variable coefficient optimization method can further optimize the fluctuation rate of gearshift force and output force density. In this work, the simulated annealing -particle swarm optimization algorithm (SA-PSO) with variable coefficients is adopted, which has a good global search ability under the premise of ensuring the convergence speed, and prevents the fitness function from converging too fast or falling into the local optimum. The schematic representation of the optimization process is shown in Fig. 10 . All the steps of the proposed algorithm are presented as follows:
Step1: Initialization parameters. Initialize population size (n = 20), maximum iteration algebra (N = 25), inertia weight (ω), particle maximum velocity (v max ), initial velocity (v 0 ), acceleration constants (c 1 c 2 = 2) initial temperature (T ), temperature change rate (dT ), position variation value (dx).
Step2: Generate the initial population randomly.
Step3: Calculate of F m and F e by 3D FEA.
Step4: Calculate of individual weight coefficients.
Step5: Calculate the fitness values of all particles, rank them on the basis of the fitness f i .
Step6: Update the particles' velocities and positions using the individual best position (p id ) and global best position (p gd ) according to the following equations.
The variable inertia weight ([0.95, 0.4]) and constriction coefficient are applied to enhance the search ability of the particles and improve the convergence of the algorithm [24] .
Update particle displacement and calculate fitness f j , calculate the probability of accepting fitness f j according to the Metropolis criteria. Accept new fitness and update p gd , p id .
Step7: The algorithm will return to Step 3 until a prespecified number of iterations is satisfied.
V. OPTIMIZATION RESULTS AND ANALYSIS A. VARIABLE WEIGHT COEFFICIENT OPRIMIZATION RESULTS
Based on the above analysis, the gearshift actuator of the DAMT is optimized by different methods such as 3D FEA, SA-PSO algorithm and variable weight coefficient. 3D FEA is used as a calculation tool for electromagnetic field of gearshift actuator under different currents and different gearshift displacements. The main program generates the current individual fitness based on the individual generating the axial weight coefficient and the radial weight coefficient; and the optimal solution is continuously iterated in the algorithm. The population size (n) is 20, the maximum number of iterations (N ) is 25.
The optimization results are shown in the Fig.11 . With the iteration of population algebra, the weighted average fitness and the optimal weighted fitness of the population were improved to different extents. The variance values of various group weighted fitness were shrunk and eventually approached to zero. The first ten generations of the population converged faster, and the initial optimal weighted fitness of the population was improved by 20.7%.
The evolution process of the optimization target is shown in Fig.12 . The maximum output force F M and the terminal output force F E of the gearshift actuator were continuously increased, and the density of maximum output force was also increased. The maximum output force F M of the optimal fitness particle converged to 1263.4 N in the 25th generation; the terminal output force F E converged to 984 N; the density of maximum output force was optimized to 2.69 × 106 N/m3. These FEA results obtained when the coil current was 15 A. Since the design displacement of the gearshift actuator was 10 mm, the terminal output force was equal to the electromagnetic force of the gearshift actuator at ±10 mm displacement, while the gearshift displacement of the first and second gears in the DAMT was 8.2 mm, so the true gearshift force effective range was within the range of 0 to 8.2 mm. The parameter optimization results are listed in Table 2 . 
B. COMPARISON OF OPTIMIZATION METHODS
For the general optimization method, the fitness function only includes the maximum output force F M and the terminal output force F E , without considering the gearshift process of the transmission or the weight coefficients of F M and F E . In contrast, the fitness function of the proposed method is the average of F M and F E with constant weight coefficient, that is:
The comparison of the two optimization methods is shown in Fig. 15 . The maximum gearshift force of the two optimization results was almost the same, but the optimization result with the variable weight coefficient improved the terminal output force by 102N. Compared to the optimization method with the constant coefficient, the optimization method with the variable coefficient reduced the gearshift force volatility by 27.5%. Since the output force in different stages was considered in the fitness function, the volume of the gearshift actuator was also reduced. This shows that the optimization method with variable weight coefficient has certain advantages in optimization of electromagnetic linear actuator.
VI. EXPERIMENTAL VERIFICATION
In order to verify the optimization results, a DAMT is made and a static experiment is performed on the gearshift actuator. The experimental setup and prototype of gearshift actuator is shown in Fig.16 and Fig.17 , respectively. The static test system is used to measure the electromagnetic force during the formation of the gearshift actuator. A S9M ''S''-type force sensor equipped with a CLIP analog amplifier with a range of 2000 N and a sampling frequency of 10 HZ is selected. The controller integrates a DSP control board, interface circuit, power amplifier and current sensor. The PC side acquires sensor data through the controller.
In Fig. 17 , a threaded hole is reserved for the winding frame work to obtain the experimental data. External power transmission is completed by installing a power shaft. In actual applications, the winding frame directly pushes the sleeve to complete the gearshift, and a displacement sensor is installed in the threaded hole to detect the gearshift displacement. The power source provides a constant voltage to the actuator as shown in Fig. 16 . Due to the coil inductance, the current reaches a predetermined value after a period of fluctuation. The test current loading time is 6.2 ms. After the current reaches a stable value, the force sensor data is obtained. Under this displacement, the output force of the gearshift actuator under a certain current state. By adjusting the dynamic position, the output force of each point during the while gearshifting stroke is obtained, and then the force-displacement curve is obtained.
The comparison of electromagnetic force-displacement curve after optimization is shown in Fig.18 . The experimental value is slightly lower than the simulated value. This is because the anaerobic adhesive used for pasting the permanent magnet during the installation process caused the displacement of the permanent magnet, the interference of the motion gap, and the failure to obtain number of coil turns when winding by the preset value. The maximum error between experimental result and simulation result reached 2.1%. The maximum output force F M increased from 1041 N to 1267 N after optimization, with an increasing rate of 21.9%; the terminal output force F E was increased by 26.5% after optimization. The variability f r of the gearshift force before optimization was 21.2%, which was reduced to 15.6% after optimization, with a decreasing rate of 26.4%.
As shown in Fig.19 , the gearshift force during the gearshift process exhibited a certain decline compared with that after optimization. In the gearshift process, the maximum error value was reduced from 120 N to 96 N after optimization, with a decreasing rate of 20%. The maximum output force density of the gearshift actuator was increased by 4.2%.
After analysis, the maximum output force and the terminal output force of the gearshift actuator wre both increased by more than 20%. For the electromagnetic linear actuators, the optimization of the volatility is of particularly important significance. In this paper, the variable weight coefficient optimization method proposed via the innovation of the fitness function reduced the volatility of the gearshift actuator by more than 25% and increased the output force density to a certain extent.
VII. CONCLUSION
This paper proposes a new transmission form DAMT by integrating an electromagnetic linear actuator with AMT. Aiming at the complex problems such as the output force and the large fluctuation rate of the gearshift actuator, a variable weight coefficient optimization method is proposed. In order to obtain a more accurate fitness function, the gearshift displacement process is divided into five stages and then optimized. By comparison, the proposed method improved volatility and terminal output force compared with the constant coefficient optimization method. In the fitness function, the mean output force formed by the output force at different stages will make the actuator obtain a smaller volume, thus further reducinge the volatility Compared with the initial value, the maximum output force of the gearshift actuator was increased by 21.9%, the end output force was increased by 26.5%, and the volatility was reduced by 26.4% when the current was 15 A. Moreover, the volume changed from 0.962×10 −3 m 3 to 0.953×10 −3 m 3 .
Based on the electromagnetic field calculation results of 3D FEA, the proposed method has high calculation accuracy and optimization efficiency. In addition, the compact structure of gearshift actuator makes the DAMT lightweight and miniaturized, which has certain significance and value for the development of electric vehicles.
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